Inbreeding can occur in several ways. For a given species, analysing overall inbreeding down to its component parts can be useful in explaining how and why inbreeding is maintained in a population. Kalmia latifolia, a long-lived evergreen shrub, was chosen for this study for two reasons: its unique¯oral morphology suggested that it was specially adapted to assure reproduction in the delayed mode of self-fertilization, and previous studies had suggested that populations that were more limited by pollinators showed higher rates of within-¯ower self-fertilization when pollinators were excluded. Floral manipulations, controlled pollinations, and paternity analysis were performed to determine the most common form of inbreeding within a¯ower, among¯owers of one individual, or among related individuals. Although plants are capable of setting seed within a¯ower, the overall rate of inbreeding was low. Among the modes of inbreeding within one individual, a negligible sel®ng rate among emasculated¯owers suggests that sel®ng is more prevalent within a¯ower than among¯owers on the same plant. In addition, as the multi-locus estimate of inbreeding was less than the single-locus estimate, inbreeding among related individuals also contributes to the natural level of inbreeding.
INTRODUCTION
The adaptive signi®cance of inbreeding ®gures prominently in theoretical work on plant mating-systems. Inbreeding can result from matings between related individuals,`biparental', or within one individual,`uniparental'. Lloyd and Schoen (1992) discuss the dierent`modes' or strategies for eecting uniparental breeding, including geitonogamy, delayed sel®ng, and competing sel®ng. The dierent categories are de®ned by such distinctions as the morphology of the¯ower, the relative timing of the presentation of outcrossed and selfed pollen, whether a pollinator is required, and whether a pollinator presents the stigma of ā ower with selfed pollen from the same¯ower or another ower. For a given species, decomposing inbreeding into relative contributions of each form of inbreeding can be useful in explaining how and why inbreeding is maintained in a population. Lloyd (1992) developed a model predicting the conditions under which each mode of inbreeding would be favoured. The conditions include parameters such as the bene®t of uniparental reproduction over biparental reproduction (i.e.`the cost of meiosis'), the loss of male and female ®tness that could have been gained through outcrossing had the plant avoided inbreeding (i.e.`pollen and ovule discounting'), the reduction in ®tness in inbred progeny compared to outcrossed progeny (i.e.`inbreeding depression'), and the ®tness gain self-fertilization provides when outcrossing success is reduced (i.e.`reproductive assurance').
Self-fertilization resulting from pollinations between owers on the same plant,`geitonogamy', is not directly selected for, unless selfed seeds are more ®t than outcrossed seeds (Lloyd, 1988) . In addition, unless there is an associated increase in pollinator visitation, it oers no reproductive assurance (Lloyd, 1992) . Finally, for the plant that selfs in this mode, both pollen and seed discounting occur (Lloyd, 1992) . Therefore, this mode of sel®ng bears the costs of sel®ng without any of the major advantages. In fact, since geitonogamy often requires pollinator visitations, widespread sel®ng through geitonogamy is often suggested to be merely a byproduct of selection for greater outcrossing (Lloyd, 1992) .
On the other hand, autogamous self-fertilization after the opportunity to outcross has passed, the`delayed' mode, is directly selected for as long as self-fertilized seeds achieve some ®tness. In addition, delayed sel®ng provides reproductive assurance while avoiding any ovule or pollen discounting. In this way, delayed sel®ng can oer the bene®t of sel®ng without incurring any of the costs. Thus, delayed sel®ng is`most advantageous' (Lloyd, 1992) .
When pollinators visit multiple¯owers on a plant, outcrossed pollen may be mixed with selfed pollen. When this occurs, geitonogamy may be a special case of the simultaneous presentation of selfed and outcrossed pollen on the same stigma (i.e.`competing sel®ng'). But the categories of geitonogamous and competing sel®ng are not completely overlapping. For self-fertilization to be geitonogamous, pollen delivered to the stigma of one¯ower must originate from another¯ower on the same plant. Geitonogamy does not require the presence of outcrossed pollen. In contrast, competing sel®ng occurs only when there is opportunity for outcrossed pollen to be received at the same time selfed polled is on the stigma.
Competing sel®ng is also dierent from the other modes of sel®ng in the conditions under which it is predicted to be favoured. In particular, sel®ng in the competing mode is predicted to be adaptive under conditions that fall between the conditions favouring delayed sel®ng and another mode of self-pollination, sel®ng before any opportunity to receive outcrossed pollen has occurred (i.e.`prior sel®ng'; Lloyd and Schoen, 1992) . Theoretical models predict that competing sel®ng is not directly selected for unless inbreeding depression is less than one quarter of the proportion of ovules that would not otherwise be outcrossed [Lloyd, 1992, eqn. (10) ]. This is based on the idea that if inbreeding depression were large enough and if there were a signi®cant chance that more outcrossed pollen would be received, then plants could be wasting ovules by allowing them to be fertilized with selfed pollen rather than outcrossed pollen. Thus, the comparable ®tness of inbred seeds relative to outcrossed seeds together with pollinator scarcity are predicted to favour competing sel®ng.
Because not all of the modes are predicted to be selected for, decomposing inbreeding down to its parts allows a test of the adaptiveness of sel®ng. In populations that experience substantial inbreeding depression, the prevalence of other modes of inbreeding besides delayed sel®ng is not predicted to be favoured by selection. Thus, in populations where biparental inbreeding is prevalent or where uniparental inbreeding occurs most often in the competing and geitonogamous modes, inbreeding is not predicted to be adaptive. Since the case to avoid geitonogamy and competing sel®ng is compelling, it has been proposed that avoidance of geitonogamy may favour selection for dioecy (Darwin, 1859 (Darwin, , 1876 , dichogamy (Sprengel, 1973) , and self-incompatibility (Arroyo, 1976 ). Quantifying modes of sel®ng then examines a potentially important factor in selection (Lloyd and Webb, 1986; Hessing, 1988; de Jong et al., 1993; Klinkhamer and de Jong, 1993) .
I examined uniparental and biparental inbreeding in Kalmia latifolia, a long-lived evergreen shrub. I chose this species for two reasons. (1) Based on its unique¯oral morphology, K. latifolia appears specially adapted to assure reproduction in the delayed mode of self-fertilization. Anther sacs are held under pressure in the corolla. When a pollinator, typically a bumblebee (Bombus spp. ; Jaynes, 1988; Rathcke, 1988) , visits the¯ower, the ®laments are disturbed and the pollen is catapulted onto the bee. It was suggested that, should pollinators fail to visit the¯ower, the pollen would be thrown onto the¯ower's stigma as the corolla senesces (Jaynes, 1988) . (2) Researchers also found that some populations were capable of autogamous selffertilization in¯owers where pollinators had been excluded (Rathcke and Real, 1993) . Furthermore, they suggested that self-fertilization in the delayed mode had evolved in response to pollinator limitation (Rathcke and Real, 1993) . The present study was designed based on the assumption that this particular population would show high rates of inbreeding and on the suspicion that most of the inbreeding was adaptive, resulting from uniparental inbreeding in the delayed mode.
Other studies have detected some inbreeding (Levri, pers. comm.) and strong inbreeding depression in seed abortion and seedling survival patterns in K. latifolia (Jaynes, 1988; Rathcke, 1988; Rathcke and Real, 1993; Levri, 1998) . Isozyme studies on K. latifolia (11 polymorphic loci out of 14 markers) in the same populations have shown that sel®ng is not re¯ected in the adult stand (the sites do not signi®cantly deviate from Hardy-Weinberg equilibrium; Levri, pers. comm.) . Thus, inbreeding depression may be an important factor favouring outcrossing and precluding selection for other modes of inbreeding besides delayed sel®ng when pollinators are limited in this system.
Through¯oral manipulations, controlled pollinations, and paternity analysis, I measured the various kinds of inbreeding. Based on the predicted adaptiveness of the various kinds and on signi®cant inbreeding depression, I predicted that: (1) plants will self more through the delayed mode than through the geitonogamous mode; (2) competing sel®ng will be negligible; and (3) biparental inbreeding will be negligible. If geitonogamous sel®ng were greater than delayed sel®ng, if there were substantial competing sel®ng, or if there were signi®cant biparental inbreeding, then inbreeding would not be adaptive.
MATERIALS AND METHODS

Populations
Two populations near the University of Virginia's Mt. Lake Biological Station in the Allegheny Mountains of southwestern Virgina, USA were chosen for study. As described in Levri and Real (1998) , Bald Knob (BK) is an exposed granite outcrop and Hedwig Trail (HT) is in oak-maple understorey. Using seedling survival, inbreeding depression at Bald Knob (d 0 . 29) is considerably lower than at Hedwig Trail (d 0 . 54) (Levri and Real, 1998) . Individuals at both sites average 21¯owers per in¯orescence, and although Bald Knob individuals produce more in¯ores-cences in one season (x 208 + 29 . 9) than those at Hedwig Trail (x 68 + 8 . 0), a single plant at either site can have thousands of¯owers open at once.
Certain requirements had to be met in order for a plant to be included in the studies. Plants at both sites were included in the geitonogamy and delayed sel®ng study if they produced at least 40 in¯orescences. A plant was included in the competing sel®ng study if it had been determined previously to be homozygous for at least one locus and if it produced at least 15¯owers. Due to these requirements, only ®ve plants were included in both studies at Bald Knob.
Floral manipulations: geitonogamy vs. delayed sel®ng
Each of 20 plants at Bald Knob had two sets of treated in¯orescences: unmanipulated¯owers and¯owers emasculated in bud. Unmanipulated¯owers were used to estimate a natural sel®ng rate. Flowers emasculated in bud were incapable of autogamous sel®ng, so any self-fertilized seeds (detected using protein electrophoresis described below) must have been the product of pollinator movements from ower to¯ower on a single plant i.e. geitonogamy. Geitonogamous sel®ng was estimated following Schoen and Lloyd (1992) :
where the parameter s 0 refers to the sel®ng rate in untreated owers and s 1 refers to the sel®ng rate in emasculated owers (in bud).
Pollinations: competing sel®ng
To determine a maximum importance of competing sel®ng (whether geitonogamous or not) relative to the other modes of sel®ng, selfed vs. outcrossed paternity rates were assessed when pollen grains competed on the same stigma simultaneously. I used isozyme markers to determine the paternity of seeds produced from controlled pollinations. Parents were chosen by determining homozygosity for at least one locus. A maternal parent was eligible for inclusion in the experiment if it was homozygous for one allele. Only plants homozygous for an alternate allele at the same locus were then eligible to be pollen donors. Three pollen donors were randomly selected for each maternal plant. For three in¯orescences on each of 15 plants at Bald Knob and six plants at Hedwig Trail, seven¯owers were randomly assigned one of the following pollen loads: purely self; purely donor 1 ; a mixed load of self and pollen donor 1 ; purely donor 2 ; a mixed load of self and pollen donor 2 ; purely donor 3 ; and a mixed load of self and pollen donor 3 . Pure pollen loads were used to test for incompatibility. Since all fruits resulting from pure pollen loads yielded some viable seed, questions of incompatibility were excluded from the analysis. I chose only unvisited¯owers (¯owers protected from pollinators and without tripped anthers) and removed anthers after pollinating them.
For mixed pollen load treatments, pollen was collected from each pollen donor, measured to a ®xed amount by volume, mixed, and deposited on the appointed stigmas. Pollen loads from each donor were measured by piling pollen onto a 0 . 01 cm 2 mark on a microscope slide to be relatively con®dent that dierences in paternal success are not due to unequal representation in pollen quantity. Ten randomly chosen seeds from each resulting fruit were sampled. I concluded that any resulting seedling that was heterozygous at the locus by which the parents were screened, must have been the product of outcrossing. In this way, an estimate of sel®ng resulting from competition with outcrossed pollen was attained.
Biparental inbreeding
One way to detect mating among siblings rather than selfpollination within an individual is to compare the multilocus estimate of sel®ng with the single-locus estimate (Sun and Ganders, 1988) . To calculate the single-locus estimate, an average of the estimates from individual loci was used here. Should the single-locus estimate exceed the multilocus estimate, then biparental inbreeding signi®cantly contributes to inbreeding in the population. Both estimates were calculated here from protein electrophoresis.
Protein electrophoresis
For 80 K. latifolia adult plants, protein electrophoresis was used to analyse isozyme markers from leaf material. To screen for parents eligible for crossings useful for estimating competing sel®ng, all loci were used. The hardware of the laboratory was set up following Werth (1985) as far as possible and the procedure followed the protocol of Soltis et al., (1983) . Werth's`microbuer' was used for extraction (Werth, 1985) . Eight protein systems yielded 11 polymorphic loci. Histidine-Citrate was used to resolve phosphoglucoisomerase (PGI), phosphoglucomutase (PGM) and triosephosphate isomerase (TPI) (Werth, 1985) . The citric acid/morpholine buer system was used to resolve 6-phosphogluconate dehydrogenase (6P), alcohol dehydrogenase (ALD), isocitrate dehydrogenase (IDH), leucine aminopeptidase (LAP), and malate dehydrogenase (MDH). All enzyme assays follow Soltis et al. (1983) .
Progeny were analysed with protein electrophoresis to estimate sel®ng rates. Seeds resulting from pollinations were sown in an Indiana University greenhouse. Leaves were removed from seedlings within 10 d after germination and ground into wicks moistened with as little seedling grinding buer (modi®ed from Soltis and Soltis, 1989, p. 9 ; D. Marr, pers. comm.) as possible. The citric acid/morpholine buer system was used to resolve isocitrate dehydrogenase (IDH), malate dehydrogenase (MDH), and malic enzyme (ME) for a total of ®ve polymorphic loci. I analysed these data using the Estimation±Maximization method of MLT (Ritland, 1990 ), a program estimating most likely paternity from multi-locus allelic data, and calculated the standard errors of sel®ng rates with 100 bootstraps.
Although only MDH and IDH were found to be informative for both adults and progeny (ME was assayed for progeny but not adults), gene frequencies were in a range considered useful for sel®ng rate studies (Table 1) . Results are reported in the style of LeClerc-Potvin and Ritland (1994) .
Primary sel®ng rate Jaynes (1968) found no evidence for an s-allele system of self-incompatibility at the level of pollen tube growth in selfed vs. outcrossed pollinations of K. latifolia and discrimination at the level of ovule fertilization is undocumented. However, K. latifolia plants do selectively abort selfed seed over outcrossed seed (Levri, 1998) and outcrossed seed has a signi®cant advantage over selfed seed in All loci were diallelic except for MDH-3 which had 4 alleles.
probability of germination (Levri and Real, 1998; Levri, 1998) . Therefore, sel®ng rates estimated here from germinated seeds are underestimates. Following Husband and Schemske (1996) , a calculation of the`primary sel®ng rate' was made based on the measured sel®ng rate in 1994 and 1995 and estimates of inbreeding depression measured at seed set and seed germination.
RESULTS
For Bald Knob plants in 1996, 8 % of the seeds were inbred. These inbred seeds must either be a product of biparental (i.e. mating between relatives) or uniparental inbreeding.
Biparental inbreeding
In order to measure biparental inbreeding, multi-locus and single-locus estimates of sel®ng were calculated. Multilocus estimates of sel®ng were less than single-locus estimates of sel®ng in every case (Tables 2 and 3 ), indicating that a signi®cant portion of inbred seeds results from matings between close relatives. The dierence between the multi-locus and single-locus estimates is 0 . 016, suggesting a minimum rate of biparental inbreeding of 1 . 6 %. In 1996, comparing this measure of biparental inbreeding to the total amount of sel®ng (at BK, the multi-locus measured sel®ng rate 0 . 080, as reported in Table 2 ) suggests that biparental inbreeding can account for 20 . 0 % (0 . 016 divided by 0 . 080) of the total observed (including biparental and uniparental breeding). If biparental inbreeding occurred at the same rate in 1994, when the most inbreeding occurred, comparing this number to the total amount of sel®ng (at BK in 1994, the multi-locus measured sel®ng rate 0 . 110, as reported in Table 3 ) suggests that biparental inbreeding can account for 14 . 5 % (0 . 016 divided by 0 . 110) of the total observed inbreeding.
Uniparental inbreeding: geitonogamy vs. delayed sel®ng
To test whether sel®ng is adaptive, the natural rate of delayed sel®ng was compared to the natural rate of geitonogamy. If delayed sel®ng signi®cantly contributed to the overall sel®ng rate then emasculation would reduce the rate of selfed seeds produced. At Bald Knob, sel®ng rates in emasculated¯owers were signi®cantly lower than in untreated¯owers (n 39, d.f. 1, t 6 . 040, P 5 0 . 0001). In addition, Lloyd and Schoen's eqn (10) (above, 1992) would yield a rate of geitonogamy equal to 8 . 7 %.
Uniparental inbreeding: competing sel®ng
To test the relative contribution of sel®ng and outcrossing under the condition that self-and non-self-pollen arrive at the same time and in the same quantity, mixed pollen loads (outcrossed and selfed) were administered. Of the seeds produced from pollinations with mixed loads of pollen, most, but not all, seeds were outcrossed (heterozygous). At Bald Knob, 4 . 2 + 1 . 1 % of the seeds were homozygous, indicating that they were sired by selfed pollen (using 360 progeny from 15 parents). At Hedwig Trail, 29 . 5 + 13 . 1 % of the seeds were homozygous, thus sired by selfed pollen (using 144 progeny from six parents). The success of selfed pollen in competition with outcrossed pollen was seven times higher at Hedwig Trail than at Bald Knob (n 35, d.f. 1, t 4 . 98, P 5 0 . 0001) although natural sel®ng rates at Hedwig Trail were not signi®cantly dierent than at Bald Knob (n 39, d.f. 1, t 0 . 920, P 5 0 . 364). Taking into account two stages of inbreeding depression (seed set and germination success), primary sel®ng rates were slightly higher than measured sel®ng rates (Table 3) in both 1994 and 1995. Correcting for inbreeding depression revealed that the measured sel®ng rates were underestimated by 5 . 7 % at BK and 27 . 8 % at HT in 1994 while leaving the 1995 estimates unchanged.
DISCUSSION
Of all the seeds assayed in this study, 8 % were the result of inbreeding. Of these inbred seeds, 80 % resulted from uniparental breeding. Of those resulting from uniparentally inbred seeds, 8 . 7 % resulted from geitonogamy and 71 . 3 % from delayed sel®ng. The estimated large amount of delayed sel®ng is consistent with the ®nding that emasculated¯owers produced signi®cantly fewer selfed seeds compared to control¯owers. Thus, plants may self-fertilize to assure reproduction.
Of all the inbred seeds, 20 % resulted from biparental inbreeding. To account for mixed mating, many genetic models have outlined situations in which both reproductive strategies can be maintained (Charlesworth et al., 1990) . For example, the advantage to outcrossing may be frequency-dependent (Uyenoyama, 1986; Uyenoyama and Antonovics, 1987) . That is, the more inbreeding there is in a population, the greater the likelihood that a plant will mate with a sibling when it does outcross. In this way, the genetic advantages to outcrossing can be diminished. So, biparental inbreeding in structured populations can bring about stable mixed mating. By comparing the single-locus sel®ng estimate and the multi-locus estimate, biparental inbreeding is indicated here. In this system, both the reproductive assurance aorded by delayed sel®ng and the non-adaptive occurrence of biparental inbreeding may act to maintain inbreeding despite inbreeding depression.
Many studies have documented the presence of geitonogamy or autogamy, but few have quanti®ed their relative frequency in natural populations. The rate of geitonogamy estimated here (8 . 7 % of all inbred seeds) is comparable to the estimate reported in another system. By removing anthers from paired¯owers and calculating the reduction in the resulting sel®ng rate, LeClerc-Potvin and Ritland (1994) found a geitonogamy rate of over 7 %, but up to 20±40 %, in Mimulus guttatus, which has two¯owers open at a time.
That K. latifolia should show a lower rate of geitonogamy was unexpected for three reasons. K. latifolia may have hundreds of thousands of¯owers open at a time (Rathcke, 1988; Levri and Real, 1998) . Also, K. latifolia has an unusual`catapult delivery' of pollen whereby pollen can spring up to 15 cm from one¯ower (Jaynes, 1988) . Thus, there is the potential for geitonogamy to occur without pollinators in K. latifolia. Lastly, pollinators have been observed visiting hundreds of¯owers on one plant before leaving for the next plant. Other factors such as plant density (Beattie, 1976; Klinkhamer and de Jong, 1990; Murawski and Hamrick, 1991; Snow et al., 1996) and the distribution of¯owers within in¯orescences (Frankie et al., 1976; Waddington and Heinrich, 1979; Schmitt, 1980; Best and Bierzychudek, 1982; Back et al., 1996; Snow et al., 1996) may increase the number of visits pollinators make between¯owers within a M. guttatus plant.
On the other hand, the amount of geitonogamously selfed seeds ®nally produced may be much lower than the rate of geitonogamous pollination. Discrimination against both selfed pollen and selfed seeds may account for the reduced seed set from geitonogamous pollination in K. latifolia. The results of the competing sel®ng study here suggest that if ā ower is given equal amounts of selfed and outcrossed pollen, outcrossed pollen has a strong competitive advantage. Also, as selfed seeds compete against outcrossed seeds for maternal provisioning, outcrossed seeds have another advantage. Selfed infructescences are more likely to be aborted than outcrossed infructescences and this discrimination is more severe in situations where the plant's resources may be limited, such as at the end of the¯owering season (Levri, 1998) or after the leaves of the plant have been damaged (Levri and Real, 1998) .
Comparing the two sites in this study, Bald Knob showed almost twice the natural sel®ng rate of Hedwig Trail while in controlled pollinations Hedwig Trail showed the potential for much higher competing sel®ng. This dierence may be explained if Hedwig Trail plants have fewer defenses against competing sel®ng. For example, preferential abortion of selfed seeds is more intense at Bald Knob than at Hedwig Trail (Levri, pers. comm.) . This may be because such a mechanism for sorting between outcrossed and selfed seeds has not been selected for as intensely at Hedwig Trail. Hedwig Trail shows a lower level of self-fertilization and so a sorting mechanism may not be as important there as at Bald Knob.
